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FOREWORD

This Terminal Summary Report on the Instrumentation Program is submitted
to the NASA Langley Research Center by the AiResearch Manufacturing Company,
Los Angeles, California. The document was prepared in compliance with the
guidelines established for the partial termination of NASA Contract No.

NAS| -6666.

Part I of this report summarizes the entire Instrumentation Program
effort expended under the Hypersonic Research Engine Project, which encompasses
the period of 24 February 1967 through 3 September 1968. Part II presents a
detailed discussion of the remaining effort not previously covered in an Interim
Technical Data Report.
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PART 1

SUMMARY OF TASK

|.0 THRUST/DRAG-MEASUREMENT SYSTEM

.1 PROBLEM STATEMENT

I.l.1 DObjective

The objective of the thrust/drag-measurement system is to determine the
internal thrust developed by the Hypersonic Research Engine during powered
flight. Following the preliminary design conceived during Phase I (Reference
-1, pp 298-314), development under Phase II was to produce a system capable
of determining the value of internal thrust from measurements of the forces
acting on a single force block, acting as the front engine support. The
forces on this block, designated as indicated thrust, are comprised of effects
of internal thrust, drag, inertia, gravity, lift, moments, thermal differen-
tials and vibration. The engine thrust also acts on other members in parallel
with the thrust block; namely, the engine rear supports fuel lines and elec-
trical wiring.

The thrust (force) block must be capable of withstanding the stresses
imposed, as an active support member in its operational environment, and be
designed to measure or take into consideration all forces required to compute
the internal thrust within the range accuracy, resolution and frequency
response required.

I.1.2 Design Requirements

Incorporation of the re-evaluated aerodynamic, heat transfer and engine
performance has led to revision of the initial requirements. Table I.1-1 shows
the comparisen of the basic requirements at the beginning of Phase II and at
present. Changes are discussed in Appendix A.

I.2 TOPICAL BACKGROUND

The determination of the internal thrust of the engine is the prime pur-
pose of the thrust-measuring system. The use of a single force-measuring
block means that account must be made of all significant forces acting on the
block in order to derive the internal thrust. Such forces on the block are
the inertia forces acting on the engine assembly, aerodynamic drag, and
resolved gravitational forces. The inertia forces arise from aircraft accel-
eration and vibratory forces acting on the mass of the engine assembly,
including the fuel lines, electrical cables, etc. The pitch of the engine
gives rise to a component of the engine assembly weight acting along the
thrust-block-sensitive axis. Aerodynamic drag produces a force on the block
opposing the internal thrust.
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TABLE 1.1~

DESIGN REQUIREMENTS

Item

Basic Requirements

Beginning of Phase II

Present

Internal thrust

Indicated thrust

Force block maximum overload

Acceleration (aircraft and

engine)
Frequency response

Temperaturest

Altitude¥*

Measurement accuracy to

within (30)

Vibration (ground test)

input#

Resolution {indicated

thrust)

Humi di tys

0 to 4000 1b

-500 1b (drag) to
4500 1b

10,000 1b

*l g

0 to 100 Hz

-65°F to +500°F
(flight)

123,000 ft

1.75% of full-scale
(indicated thrust)

20-2000 Hz sine
3 g peak
20-2000 random

noise 0.018 gz/Hz

10 1b

0 to 6000 1b

-5500 1b to 7000 1b

15,000 1b
3 g
0 to 10 Hz

-40°F to +250°F
(flight)

-65°F to +600°F
(ground test)

123,000 ft

2.70% of full-scale
(internal thrust)

20-2000 Hz sine

3 g peak
20-2000 random

noise 0.018 gz/Hz

10 1b

to 95 RH at 105°F

#For detailed coverage of the environments to be encountered by the
engine and subassemblies attention is drawn to Reference |-2.
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The engine is supported at the front by the thrust block and at the rear
by two supports. The longitudinal stiffness of these supports and of the
bridging fuel lines and electrical cables are in parallel with the thrust block,
and allowance must be made for the forces they take. Differential thermal
expansion between the engine and engine support frame (wishbone) attachment
points induces a force shared by the stiffnesses of the block and the paraliel
restraints. This is reflected as an output from the thrust block and must be
either determined or rendered insignificant by suitable design of the parallel
members.

Vertical- and side-reaction forces on the thrust block must be considered
as affecting the calibration of the block and cross-coupling coefficients
established.

Temperature is an important consideration in designing the components of
the measuring system. Temperature extremes are experienced ranging from cold-
flight conditions to engine-lit conditions. Radiation and conduction from the
hot mani folds to the thrust block can give rise to temperature gradients within
the block and its transducer, producing significant output due to thermal dis-
tortion as well as high stresses. By nature of its design in acting as a
support member and having a comparatively high natural frequency, the thrust
block is inherently stiff, allowing for a small deflection under maximum thrust
conditions. Thus uncorrelated differential micromovement can be significant
with reference to the accuracy requirements.

During ground testing, temperatures will be higher due to longer soak
periods and higher ambient conditions, and protection may be required for com-
ponents of the system (Reference 1-3, Para 2-2).

.3 OVERALL APPROACH

Figure 1.3-1 shows the fundamental forces acting on the engine and the
relationship for the determination of the internal thrust (Ti)' 0f the remain-

ing forces acting on the thrust block, only the differential thermal expansion
force (FT) is illustrated. Detail analysis of the total force balance is con-

tained in Reference |-4, Para 2.3.

The approach has been to consider only measurement of the three major
components of the force balance and to concentrate on design as providing mini-
mal effects of other forces. Where these forces prove significant, after
analysis of basic design, corrective action in terms of design improvement,
practical evaluation (e.g., calibration) or, if necessary, additional measure-
ments has been considered. For example, design of the thrust block has included
attention to minimization of thermal differential effects, but experimental
work is necessary to prove the suitability of design with the backup of the
provision of heat radiation shields or active temperature control (or equaliza-
tion) in mind. As a further example, the stiffness of the so-called parallel
restraints (rear supports, fuel lines, electrical cables), while having little
contribution to the force-balance in comparison to the stiffness of the thrust
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Figure 1.3=1. Derivation of Internal Thrust
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block and able to be accounted for in system calibration, does affect to a
greater extent the force induced in the block due to differential thermal
expansion between the engine attachment points on the engine and engine sup-
port frame (wishbone). (See Reference |-4, Para 2.4.2.2.) Minimization of
this stiffness is limited by practical design, and experimental data and in-
flight determination of temperature may be necessary to provide evaluation of
the force contribution within limits consistent with the accuracy requirements
for the determination of internal thrust.

With regard to the three fundamental measurements, the approach has been
as follows:

I.3.1 Indicated Thrust

The net force in the X-axis is determined using a force-deflection block,
firmly attached to the engine suspension frame and pin-mounted to the engine.
The measurement of the deflection of the block has been approached in two ways,
(1) use of straingages, and (2) use of a differential capacitor displacement
transducer.

The straingage approach uses state-of-the-art techniques to determine the
bending strain of the beams of the block.

The differential capacitor approach was recommended during the Phase I
effort. This approach has certain advantages, particularly with consideration
of the effect of temperature and fabrication methods. With this type of trans-
ducer, relative movement between a center plate (attached to the engine side of
the block) and two outerplates (attached to the top side of the block) produces
decreasing and increasing changes of capacitance which can produce a good analog
output. The signal produced will have high sensitivity and resolution with good
linearity and large over-range. By careful design and choice of materials,
thermal effects can be minimized and structural integrity ensured.

1.3.2 Inertial Forces

An accelerometer provides a convenient means of measuring all the inertial
forces acting on the engine. The approach has been to consider commercially
available instruments capable of meeting the accuracy, resolution, range, and
envi ronmental requirements.

1.3.3 Drag

It is proposed to calculate the aerodynamic drag during flight, using a
static pressure correlation measurement and data obtained during wind tunnel
testing. The methods of measurement and calculation are not requirements of
the thrust-system program and are not discussed in this report. Magnitudes of
the drag forces and measurement errors have been considered to evaluate the
force-balance and error analyses.

AIRESEARCH MANUFACTURING DIVISION
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.4 HISTORICAL SUMMARY

l.4.1 Thrust Deflection Block

Consideration of the initial problem statement led to the design of a
block having two spring flexures, with a material selection of Ni-Span-C and
Ti-6A1-4V as being most suitable to meet the strength and low-coefficient-of
thermal-expansion requirements (Reference 1-5, Para 2.4.1.1, 2.4.1.2, and
drawing LSK 31194). Revised aerodynamic loadings and thrust measurement
range requirements (Reference |-6, Appendix A, Table A-1) necessitated
redesign. With consideration being given to the combined effects of thermal
expansion and change of elastic modulus due to temperature changes and differen-
tials, stress analysis led to a design using !7-4PH material for a configuration
having four parallel spring flexures (Reference 1-7, Para 2.4-1). Such a block
was fabricated and sujected to a structural loading test to 10,000 1b along the
X-axis (see Part II of this report). As part of the requirement to study the
straingage technique of force determination, the block was instrumented to
measure strains along the X-axis and Z-axis (for vertical reaction force evalua-
tion). A photograph of the instrumented block is shown in Figure |.4-1. Test-
ing performed to assess the straingage method is covered in Part II of this
report.

The differential capacitor transducer system was to be tested to determine
structural and electrical performance in conjunction with the engine model
vibration test utilizing the second deflection block. At the time of termina-
tion, the second deflection block was partially completed, hence further work
was terminated.

The structural model will be subjected to tests utilizing the initial
deflection block.

l.4.2 Differential Capacitor Transducer

The material of the support body for this transducer is Alsimag 447
{American Lava Corporation). Alsimag was selected for its electrical insula-
tion and very low thermal expansion properties. In the original design, the
capacitor outer plates were of 0.010-in. thickness made of Invar 36 stock,
bonded to the ceramic faces. In order to minimize stray effects of variable
capacitance in parallel with the differential capacitor, the bridge diodes are
housed within the ceramic block in direct contact with the outer plates.
Originally the contact was to have been made using spring contact pressure
(Reference | -5, Para 2.4.2); however, revision to the maximum temperatures
requirements in flight (see Para 1.2.2) was reduced to 250°F and the fact that
the diodes had been specially chosen to withstand the original temperature
requirement of 500°F, permitted a design change to incorporate a direct solder-
ing technique to be used (Reference |-8, Para 2.4.1.2), in order to give more
positive contact and to minimize vibration and shock effects. Although metal
coating of the outer plates had been rejected (Reference 1-5, Para 2.5.2) the
case for its use was reopened after consideration of the difficulties in
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Figure l.4-1. Thrust Deflection Block-Development Model
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ensuring flat, parallel surfaces and good adhesion using the bonded-plate
method. A brush-on silver preparation {(DuPont No. 6320) was applied to samples
and proven suitable under humidity conditions (Reference |-8, Para 2.5.3).

This method was incorporated in the design and, further, gave the advantage of
improving the linearity of the transducer as a whole by increasing the gap
between the centerplate and outerplates (see Reference [-3, Para 2.4.3 for
linearity analysis).

Further consideration was given to the effect of differential thermal
expansion between the transducer and the thrust block. Analysis indicated
that excessive stress could be present in the ceramic outerplate support.
Accordingly the end fixing inserts of the support were redesigned to give
comparatively low resistance to iongitudinal forces and yet maintain high
rigidity in the transverse direction (Reference |-3, Para 2.4.2).

A similar design was incorporated in the centerplate and to minimize dif-
ferential expansion between the centerplate and the deflection block, the mate-
rial was changed from Invar 36 to 17-4PH. For the development model, the
centerplate is fixed directly to the deflection block, which acts as the common
circuit return. In the flight version, however, provision would have to be
made to isolate the plate electrically from the block to avoid possible capaci-
tance effects and ground loops, since the block would be grounded to the engine
and suspension frame.

At the time of termination, all hardware for the transducer was in fabri-
cation to meet the forthcoming development program, but most of the fabrication
had not been completed. Figures 1.4-2 and |.4-3 show the original design of
capacitor outerplate, the bridge diodes, and the bridging strip to be directly
soldered to the common sides of the bridge pairs (see Reference -8, Figure
2.4-5 for circuit diagram of transducer and electronics).

[.4.3 Differential Capacitor Transducer Signal-Conditioning Equipment

The original circuit of the transducer electronics (Reference |-5,
Drawing LSK 31195) was adopted as forming the basis of the signal-conditioning
equipment. A unit was constructed to this design together with a special dif-
ferential capacitor transducer to instrument the force block used during the
HRE combustor test program (Reference -3, Para 2.5.3, 2.5.5). 1In order to
allow for sensitivity adjustment and signal zero-set it was necessary to
include an operational amplifier to prevent direct loading on the circuit. A
low-pass filter, of O to 10 Hz bandwidth, was designed as a requirement to
remove unwanted signals outside the frequency band of interest and was incor-
porated into the overall circuitry, which is shown in Figure |.4-4. A
laboratory-model was constructed and tested to determine stability and response
(Reference 1-8, Para 2.5.2, 2.4.1.4) and was shown suitable for use during
ground development testing. However, the stability was only just within the
requi rement of 0.2 percent variation of full-scale and warm up time of approxi-
mately 2 hr was required to reach this condition. Circuit improvements were
recommended, including a crystal controlled oscillator for a flight version
{Reference -8, Para 2.4.1.4.2). No action was taken in this respect as a
result on the NASA stop order calling for the provision of a laboratory model
condi tioner only.
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The constructed laboratory model is housed in a rack-mounted panel and
incorporates the basic circuit, sensitivity, and zero-set controls, low-pass
Butterworth filter, and power supply.

l1.4.4 Accelerometer

The original requirement of an upper temperature limit of 500°F imposed
restriction on the selection of an accelerometer. No off-the-shelf transducer
was available but a manufacturer was selected as providing a commercial item
meeting the main specification requirements and capable of modification to
meet the temperature requirement. However, with the change of the problem
statement (Reference Para 1.2.2) to increase the measuring range from *| to
t3 g and with more detailed analysis of the overload range requirement to meet
the anticipated vibration conditions (Reference |-6, Para 2.4.2.6), together
with the relaxation of the temperature maximum from 500°F to 250°F, attention
was drawn to a standard servo accelerometer manufactured by Kistler. Reference
I-7, Para 2.4.4, covers the selection of the accelerometer and the error
analysis associated with it. The accelerometer finally chosen was the Kistler
model 303B servo accelerometer.

No action had been taken to procure this model in view of the stop-order
confining the activity to specific development testing. Design of the adapter
for thrust-block mounting was achieved and a photograph of a prototype version
is shown in Figure 1.4=5. It incorporates an insulated spacer bonded to an
aluminum body, to minimize conductive heat transfer from the deflection block.
Radiant heat transfer is minimized by shielding around the accelerometer.

1.4.5 Heat Shields

To minimize thermal radiation from the manifolds and turbine, heat shields
were designed to encompass the deflection block assembly. On the basis of this
design, a heat transfer analysis was performed, reflecting mission parameters
and deflection block thermal properties (Reference |-3, Para 2.4.4). The
results indicated that thermal differentials would be within the 25°F limit,
analyzed as the maximum acceptable to produce a |-percent error, if the dif-
ferential were unknown. (Reference -7, Para 2.4.2.3.) However, it was
realized that experimental data would be required to back up these analyses,
and an initial test was proposed using a heat sink and heat sources to effect
temperature differentials within the block for assessing the validity of the
analysis in Reference I-7, Para 2.4.2.3. In view of the background experience
of other thrust block users (NASA Langley) and the assumptions made in the
differential analysis, it is felt that the simple passive control of the block
assembly using radiation shields may not prove sufficient to meet the accuracy
requi rements of the force measurement. No experimental work has been performed
on the deflection block assembly to influence this consideration.

l.4.6 Parallel Restraints

This subject has been covered in analysis and design features only. The
requirement for minimum forces in parallel with the deflection block has been
reflected in the design of the fuel lines and rear supports. The fuel lines
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contribute to the force-balance, not only with respect to stiffness, but also

as a result of dynamic forces generated by flow around bends. Gimballied bellows
have been incorporated in these lines. The rear supports have been designed to
offer stiffness in the support direction (Z-axis) with flexibility in the thrust
direction (X-axis). A large factor in the force-balance is the force generated
under differential thermal expansion between the engine and engine-support frame.
In treating the force on the deflection block due to this effect as an error
contribution, maximum stiffness of the parallel restraints can be specified
(Reference |-4, Para 2.4.2.2). The effect of the stiffness to reduce the
apparent spring constant of the deflection block, in taking a share of the
thrust loading,can be determined by calibration of the whole system.

No experimental work has been performed in this connection, although an
analytical review of the problem was scheduled as part of the flight-development

phase. A mock-up engine would be used to provide some experimental data.

l.4.7 Thrust Pin and Deflection Block Fixings

The deflection block is bolted to the engine suspension frame using four
I /2-in. high-strength CRES alloy bolts, with the shear load taken by four shear
pins of 0.406 in. diameter.

These fixings have been modified, as a result of revised loading figures
and revised stress analysis, from 7/16 in. and 3/8 in., respectively.

The thrust pin material has been selected as |7-4PH, condition H925, to
give optimum anti-galling properties,with the deflection-block bushing of

{7-4PH, condition HI125, with minimum di fferential thermal expansion.

I.4.8 Test Equipment

Originally it was intended to perform a Trequency response test of the
deflection block assembly to cover the range O to 100 Hz (Reference 1-5, Para
2.3.2). To this purpose, a test fixture was fabricated to utilize a shaker to
provide a frequency-forcing function. However, with the change of requirement
to the 0 to 10 Hz range, and the block designed with a natural frequency of
approximately [70 Hz, it was decided that this test would not be required
during development.

The effect of the vertical reaction force on the characteristics of the
block when deflected under the axial thrust load (Reference |-7, Para 2.4.5.4)
necessitated evaluation of the cross-coupling coefficients. Side loadings and
moments were also considered and a test fixture designed and fabricated to meet
the test program loading requirements. A photograph of this fixture is shown
in Figure 1.4-6. Using a dummy thrust block, tests were conducted to evaluate
the fixture, and it was demonstrated that it would be suitable for performing
calibration of the thrust block assembly (Reference 1-8, Para 2.5.1).

The fixture was used to test the first deflection block for structural
integrity and to assess the suitability of the straingage method of force
measurement (see Part II of this report).
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BLOCK FORCE TRANSDUCER
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F-10072

Figure 1.4-6. Thrust Block Static-Load Test Fixture 94-7B-3419
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1.4.9 Testing

The following testing has been performed.

(a)

(b)

Assessment of deflection-block
loading test rig

Impregnation of capacitor outer

support to prevent ingress of
water

Suitability of direct-soldering

of diodes in capacitor outer-
plate-support assembly

Structural integrity of
deflection block

Suitability of straingage
method of force-measurement

Evaluation of laboratory-model
signal-conditioner for
di fferential-capacitor-
displacement transducer

Testing of special

di fferential-displacement
transducer for HRE combustor
testing
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2.0 DOUBLE-SONIC ORIFICE TOTAL-TEMPERATURE/PRESSURE PROBE

2.1 PROBLEM STATEMENT

Devices are needed to measure the total temperature and total pressure in
the internal supersonic flow field of a hypersonic ramjet engine. These
devices must be capable of operation to temperatures of approximately 5800°R,
a stream velocity of about Mach 3, an oxygen-rich atmosphere, and the effluent
gases of an oxygen and hydrogen burner. These devices must be suitable for
installation and use in a variety of test configurations for a supersonic ram-
jet engine test program.

2.2 TOPICAL BACKGROUND

To determine combustor performance and how it is influenced by injector
geometry, jet penetration, spreading, and mixing, total temperature and total
pressure at several points in the combustor must be measured while the engine
is operating. The probe concept and size are affected by the necessity of
keeping the combustor duct unblocked so it will not become choked. Also, the
probe must be cooled to attain sufficient life to make the tests.

Obtaining temperature and pressure measurements from a supersonic oxygen
and hydrogen burner involves many factors. In addition to the probes, the
supporting systems must be cooled. The coolant selected must be compatible
with the test facility, installation, and test objectives. In the cases dis-
cussed here, the test objectives have necessitated circulation of the coolant
through the probe.

2.3 OVERALL APPROACH

One gas aspirating cooled-probe design was fabricated. The probe is
internally-cooled to a temperature compatible with structural requirements,
and the aspirated gas is cooled to about 2300°R or less.

The probe detects the total temperature by two independent methods;
(1) the two-sonic orifice method, and (2) the calorimetric method. Both methods
of temperature-measurement are incorporated in the same physical probe. Evalua-
tion of the total temperature from the two-sonic-orifice method requires
measurements of the total pressure in the inlet nozzle and total pressure and
temperature in the second nozzle. The calorimetric method requires the total
pressure and total temperature in the second nozzle, a mass-flow rate of the
coolant, the inlet and outlet temperature of the coolant, and a check valve
for stopping the gas aspiration when taking tare measurements.
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Since the flow of gas through the probe must be deadheaded for a brief
period to make a tare measurement of heat flux, a total-pressure measurement
can be made during this interim. The freestream total pressure may be sub-
sequently computed by using the Rayleigh equation as solved for a real gas.
It is possible therefore, to make three determinations with the probe; total
temperature by the double-sonic-orifice method, total temperature by the
calorimetric method, and total pressure.

2.4 HISTORICAL SUMMARY

Analysis and design of the double-sonic-orifice probe was started in
March, 1967. Fabrication of one probe was completed in December of 1967. The
overall probe configuration is shown on AiResearch Drawing No. 981109, attached
at the end of this report.

The sonic orifices were calibrated on 24 January, 1968. The results of
the calibration tests were previously reported in Reference 1-3. The probe
coolant circuit was successfully proof-pressured, and leak- and flow-tested
on January |0, 1968. These tests completed the preparation of the probe for
inclusion and evaluation in the combustor test rig test program. An error
analysis of the double-sonic orifice and calorimetric temperature-measuring
techniques was completed in March of 1968. Results and discussion of the
analysis were included in Reference |-7.

Several forming and joining techniques developed for the gas-sampling
probe were successfully applied to the fabrication of the double-sonic-orifice
probe. Since both the double-sonic orifice and gas-sampling probes were
intended for use in the segmented combustor test rig, commonality of parts
was maintained wherever possible, and many of the parts are interchangeable.

A preliminary test plan for the probe was proposed for the combustor test
series utilizing combustor inlet Mach numbers of 1.6 and 2.3. These tests
were scheduled to begin several weeks after the termination date of 3 September
1968. No modifications to the original design have been made or proposed.
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3.0 FLIGHTWEIGHT ENGINE MEASUREMENTS

3.1 PRESSURE-MEASUREMENTS SUBSYSTEM

3.1.1 Problem Statement

Pressure measurements are required at many points in the HRE flight
engine for two purposes. These are (I) to achieve combustion control, and
(2) to demonstrate engine performance. The general problem is to design and
develop the best system for measuring the pressures, within such specified
constraints as accuracy, frequency response, compatibility with control or
data telemetry equipment, environmental conditions, system weight, cost, and
producibility.

3.1.2 Topical Background

Measured values of pressure are required in the HRE control and data
analysis operations because either a given pressure is itself a variable of
interest or the pressure is one of the quantities used in the computation of
a variable, such as Mach number or hydrogen mass-flow rate, which is not
measured directly. Hence, different pressure measurements may have different
requirements relating to accuracy, precision, and response time. The objective
of the task of designing the pressure-measurement subsystem has been to try
to meet these requirements within the constraints imposed by the character-
istics of commercially available pressure transducers, the geometrical con-
figuration of the engine, and limitations of weight, available space, and
component system reliability.

The pressure measurements can be grouped into four major categories;
(1) aerodynamic measurements, (2) combustion control and monitoring, (3) hydro-
gen flow control and monitoring, and (4) monitoring the performance of auxiliary
systems. Most of the aerodynamic measurement points are located on the surfaces
of the engine ahead of the combustion region. Included are a pitot-tube measure-
ment at the nose of the spike, several points on the surface of the spike and
leading edge of the outer body, and a base-pressure measurement at the tip of
the nozzle cap. Combustion pressures are measured at various points on the
engine surfaces next to the combustion zone and on surfaces of the nozzle after
the combustion zone. Hydrogen pressures are required not only for flow deter-
minations at various points in the system but also to monitor pressures in
various hydrogen manifolds. Auxiliary systems which require pressure-monitoring
include the spike-extension-and-retraction system, the helium-purge system, and
the combustion-igniter system.

The variety and large number of pressure measurements are a consequence of
the experimental nature of the engine. Most of the aerodynamic pressure measure-
ments, for example, would not be required in a production-type engine. Since
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the HRE is an experimental device, it is essential to measure the aerodynamic
properties in as much detail and as accurately as possible. In addition,
since the aerodynamic properties are not yet known experimentally, it is dif-
ficult at present to make a wise choice of the locations for the aerodynamic
measurements that would be required on a production engine. Similar arguments
apply to combustion pressure measurements.

3.1.3 Approach

The design and development of the pressure-measurement subsystem are
based on the use of commercial straingage-type pressure transducers. Because
of temperature limitations, the transducers cannot in many cases be placed
next to the pressure-measurement points. Consequently, the pressures must be
conducted to the transducers through pipes. The transducers must also be
mounted in thermally-controlled enclosures in order to avoid errors due to
rapid temperature changes at the transducer. These two constraints impose the
most significant design problems to be dealt with. The long pipes imply poor
high frequency response in the indicated pressures. The rapid temperature
changes which the transducers would experience during a flight test if they
were not suitably thermally isolated would produce unacceptably large errors
in indicated pressures.

Other less serious problems include (1) selecting the transducer types
and ranges to withstand the maximum anticipated excess pressures without
degrading the accuracy of the indicated pressures, (2) assuring that the trans-
ducers are electrically compatible with the electronic systems for control and
for data telemetry, (3) designing a system of minimum weight, and (4) achieving
a finished pressure-measurement system within the available time schedule and
budget.

The frequency-response problem has been considered in a combined analytical
and experimental approach. The analytical approach is to apply acoustic trans-
mission theory to the transmission of a pressure change through a pipe to the
transducer face. The experimental approach is to test various pipe configura-
tions with a pneumatic function generator and associated instrumentation. This
approach is discussed in detail in References 1-3, 1-7, and |1-8. Experimental
and analytical results obtained during the program are discussed in Reference
|-8.

The approach to temperature control of the immediate environment of the
transducers has been to employ thermal isclation by means of radiation shields
and a substantial heat capacity of the transducer enclosure. Active control of
the temperature would introduce additional complexity in the instrumentation
system, therefore, we have proceeded on the expectation that passive control
would be adequate, although active control has not been ruled out of consider-
ation. Another aspect of the problem is to determine a realistic limit for
the rate of temperature change that can be allowed for a given transducer
without incurring too great an error in indicated pressure. This information
is not available from the transducer manufacturers because their products are
generally used in constant temperature environments. Accordingly, it has been
planned to conduct some tests on transducers of the type which might be used
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in the HRE to determine the relationship between rate of change of temperature
and error in indicated temperature. Rates of change between 0° and approxi-
mately *10°F/min would be studied. These rates of change correspond roughly
to the expected rates of temperature change in a rather poorly thermally-
isolated transducer in the HRE.

The excess pressure problem can be solved in several ways; one approach
is to procure pressure transducers with stops to protect their diaphragms from
excessive deformation. Another approach is to provide pressure relief valves
to protect the transducers against overpressure. A third is to select trans-
ducer ranges to cover the maximum expected pressure excursion. The approach
followed in this program is a combination of the first and third ones listed
above. The use of special relief valves and other pneumatic or mechanical
methods of limiting the pressure at the transducer has been ruled out on
grounds of undesirable complexity and poor reliability of such methods.

The control and data recording systems have different electrical input
characteristics. As a consequence, transducers used to generate control input
signals must have electrical characteristics which differ from those used for
recorded data. This problem is discussed in detail in Reference |-8.

3.1.4 Summary of Progress

Progress has been reported in References -3, I-7, |1-8, and 3-1. A brief
summary of previously reported work is included herein.

A vacuum-deposited straingage-type of transducer was selected as the pres-
sure sensor in the instrumentation system. Compared with the older wire strain-
gage type, the vacuum-deposited straingage transducer can withstand greater
shock and vibration levels without malfunction, and is inherently a more
reliable and rugged instrument. Compared with a potentiometric device, the
vacuum-deposited straingage transducer exhibits infinite resolution and is not
subject to failure due to wear of moving contacts. The specific type of trans-
ducer selected was the Statham model PA 856 absolute-pressure transducer,
Characteristics of this device are given in Reference I-7.

A procurement specification was written for the pressure transducers. The
size, weight, operational characteristics, and requirements as to environmental
conditions were compatible with HRE operational and environmental conditions
and with the PA 856 transducer. The specification differed from the description
of the standard PA 856 in that the HRE application required a higher bridge
resistance and a different bridge-balance point than the PA 856. The standard
PA 856 has a bridge resistance of about 350 ohms and a balance point at "zero"
absolute pressure. The HRE transducer used for data recording requires a
bridge resistance of 1000 ohms and a balance point at half-scale pressure.

These requirements are embodied in the procurement specification.

The acoustic attenuation in long pneumatic lines was studied both analyti-
cally and experimentally. The analytical approach led to an equation for the
transfer function of a pneumatic system comprising a small diameter pressure
tap, a pipe of large diameter, and an instrument volume. The experimental

‘ AIRESEARCH MANUFACTURING DIVISION 68-3953
Los Angeles, California

Page I-21




approach yielded transfer functions of several lengths of 0.070- and 0.097-in.-
diameter pipe with restrictions to simulate the pressure tap. Not enocugh time
was available to carry out a thorough comparison of the theoretical equation
with experimental data. The data, and such theoretical curves as were calcu-
lated, show similarity. It is concluded that after the theory is properly
normalized, it can be used to approximate the behavior of a pneumatic system.

A more detailed discussion is given in Reference |-8.

A preliminary thermal analysis of a transducer housing having a large heat
capacity was made. It was concluded that shielding the enclosure against
thermal radiation from hot interior surfaces of the engine was more important
than providing a large heat capacity as a means of reducing the rate-of-change
of transducer temperature. It is likely that multiple layers of aluminized
Mylar will provide adequate thermal shielding. The transducer-mounting boxes
were redesigned to be made of thin stainless steel sheet instead of thick
aluminum.

The problem of how to connect the transducers to the cables has not been
resolved. Two methods have been considered, each with advantages and drawbacks.
One method is to weld the cable leads directly to the electrical contact pins
of the transducer. This method results in reduced weight and less probability
of a bad electrical connection. However, it does not permit easy replacement
of an individual transducer in case of failure. The other method is to use
cable connectors. Each transducer would be equipped with a short length (about
six inches) of cable, terminating in a miniature connector. The cable to the
control module or data recording system would terminate in a mating connector.
This method assures ease of connecting or disconnecting an individual transucer,
with a small decrease in system reliability.

The locations of the transducer-mounting enclosures were determined. Four
locations in the engine were assigned for these enclosures, one each in the
spike, inner body, nozzle, and outer body. Approximately 117 pressure trans-
ducers were required in the flightweight engine.

3.2 TEMPERATURE-MEASUREMENT SUBSYSTEM

3.2.1 Problem Statement

A temperature-measurement subsystem is required to determine metal and
engine cooling temperatures during flight and ground tests. These temperature
measurements are to be consistent with the desired accuracies for engine per-
formance and structure behavior analyses, with the subsystem compatible with
the anticipated environments within the engine structure. Also required under
the metal and coolant temperature subsystem, is the sensor design and instal-
lation for real-time output compatible with the engine metal coolant control
system.

The system is to be used with pulse-coded modulation (PCM) equipment
during ground and flight testing, must be compatible with the engine jettison-
ing procedures and qualify under the Phase IIA qualification test conditions.

| AIRESEARCH MANUFACTURING DIVISION
Los Angeles California 68-3953

Page I-22



3.2.2 Topical Background

Temperature measurement of the metal and coolant temperatures for engine
and structural performance analyses are to be provided. This instrumentation
must be compatible and contained within the engine confines. Severe environ-
mental conditions within the engine require special instrumentation procedures
and approaches which may deviate from generally accepted conventional methods.
Thermocouples were selected as the sensing devices for most of the temperature
measurements. Where the range and extreme accuracy is above that possible by
use of a thermocouple, platinum resistance sensors may be utilized. The number
of sensors required to satisfy the recorded information for engine analyses will
approach 100. Another 30 hydrogen coolant temperature sensors for the coolant
control will be requi red.

The indicated temperatures from the sensors should be near the true
measurand value with minimum corrections required for the true temperature
evaluation.

The structural integrity of the control sensors to withstand engine
environment is important. Since no redundancy of temperature sensors was pro-
vided, due to the limitation of space.

Conditioning the thermocouple output to satisfy the recording system’s
range capabilities will require the use of more than one thermoelectric sensor
combination.

Relative movements between areas of the engine structure require that the
thermocouple system be capable of withstanding this movement while still retain-~

ing the thermoelectric integrity of the circuit.

3.2.3 Qverall Approach

The thermocouple is the basic sensor for the temperature subsystem instal-
lation. The constraints placed on the system by temperature, environment and
structure rule out most other approaches when considering the total system
requirements. Measurements not within the limits of a thermocouple due to
accuracy and range limitations can be satisfied by platinum resistance sensors.

Simplification of the system is a requirement dictated by available space
and environment compatibility. Using thermocouples of ungrounded confiquration,
the reference system for the thermocouples can be simplified by using a single
power supply and reference-junction module for each thermocouple material and
range. Present considerations show that two types of thermocouple materials
and two ranges will be required to be compatible with the on-board PCM data
acquisition system requirement,

The compensating-type reference junction is to be located in the pylon
area, with appropriate thermocouple material leads routed from the sensor to
the reference-junction location. Copper leads from the reference junction to
the on-board PCM system, through a disconnect plug interface between pylon and
aircraft is planned. The use of hard line (Swaged Inconel Sheath and MgO

AIRESEARCH MANUFACTURING DIVISION 68-3953
Los Angeles. California

Page I-23



insulation) leads are planned for connecting the sensor to the reference
junction. Power supplies for the compensating-type reference system will be
located in the instrument bay of the test aircraft.

Several of the sensor installations must be compatible with the structures
brazing-cycle procedures, but where possible, the sensors will be installed

after the engine braze-cycle is completed.

3.2.4 Historical Summary

Initial efforts for the temperature subsystem involved the definition of
the measurand requirements which existed for the intended ground and flight
test range of the engine. Much of this information was not immediately avail-
able at the start of the subsystem task.

The constraints placed upon the subsystem by engine structures, environ-
ment, and the PCM recording system limited the available approaches to the task.

Due to rhese constraints, the thermocouple appeared to be the most satis-
factory type ¢f sensor for the task. The resistance sensor may have application
in certain specialized areas especially at cryogenic temperatures with 1imited
range.

The constraint imposed by the PCM system due to its fixed input range,
indicated that full-scale ranging of certain sensor outputs could not be
achieved with a single thermocouple material. Material selection based on an
optimized range and reference level, resulted in the use of Chromel/Constantan
and Geminol P and N, each with its own reference level, to satisfy the range
and accuracy requirement.

Early analysis of the subsystem thermocouple circuit indicated the system
with grounded sensors and individual compensated-type reference junctions for
each circuit (a requirement for such a system) with copper output leads from
reference modules within the engine, would result in the best overall accuracy
from the thermocouple circuit.

The sensor installation was constrained by the fabrication schedule of
the engine buildup. Procedures and approaches to make the installation of the
sensor follow the engine buildup were made wherever practical.

The specialized nature of the installation and the constraints imposed by
the engine environment on each section of the subsystem, made each component a
case of special application. In view of the above very little actual hardware
was acquired before the terminal date for the temperature subsystem task.

As the engine environment and space became better defined, the original
plan of grounded-thermocouple with individual reference circuits appeared less
suitable to the task installation requirements. The use of ungrounded sensors
could simplify the overall system, and is achievable using proven techniques
except for the hot-skin sensor. The coaxial ungrounded sensor was developed
to satisfy the hot-skin sensor requirement.
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By ungrounding of all the sensors, a common-lead system was possible.
The reference junction could be moved to the pylon area and use of a common
power supply installed in the test aircraft instrumentation bay was proposed.

The reference junction was modular in concept with 45 channels combined
in each module section. Three modules would be required to satisfy the sub-
system recording task.

Defining sensor requirements for the control system was considered part
of the temperature subsystem task. Analysis had shown that a bare-bead con-
figuration would be necessary to meet the response requirement of the control
system. Referencing of the control sensors was not part of the subsystem task.

Several cryogenic measurements near the liquid hydrogen point in the fuel
system would require the use of resistive sensing devices to satisfy the accuracy
requi rement.

Routing of the sensor leads was not defined, but will be determined on
the engine mockup model. Several designs are being considered where thermo-
couple leads will be subject to traversing movement of the spike in relation
to the engine inner body.

3.2.5 Subsystem Task Efforts

3.2.5.1 System Constraints

Ambient environment for the temperature-measurement subsystem components
was subject to a wide range of temperature extremes and difficult installation,
and generally incompatible with routine instrumentation. Minimal environmental
condi tioning of the subsystem components was planned.

The constraints placed upon the temperature sensor selection by the engine
fabrication procedures generally limits the basic selection to the thermocouple-
type sensor. Experience has shown that resistive devices cannot be subjected
to brazing cycles of 2000°F without extreme calibration shifts. In light of
the fabrication constraints imposed on the measuring system, the efforts have
been concentrated in adapting the thermocouple, where possible, to satisfy the
subsystem measuring requirement.

The PCM system aboard the test aircraft restricts signal level of the sub-
system components to *15 millivolts full-scale. Ranging for maximum resolution
must be conditioned to meet these requirements. These limitations, coupled with
the installation constraints, have led to the selection of the thermocouple as
the basic sensor.

Development of a coaxial thermocouple for hot-skin sensing allowed incor-
poration of an ungrounded temperature sensing system.

Early consideration was given to sharing some of the same sensors for con-
trol and recording applications. This approach was abandoned, due to the fact
that requirements {response, range, sensitivity, etc.) were incompatible.
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3.2.5.2 Sensor Location and Configuration

The measurand locations were tabulated in Reference I-7, giving pertinent
data relative to the measurement location, material, range, number, etc. Tech-
nical data reports have defined the sensor configurations adaptable to the
measurement, but the description of the specific location and proposed instal-
lation have not been described in these reports. There are numerous measure-
ments to be made within the manifold sections of the engine. Consistent with
the overall simplification of the subsystem, an analysis was made to standard-
ize on an immersion length for all sensors used in these manifold sections.
For a 10°F conduction error, the required thermocouple L/D ratio ranges from
2.8 to 6.9 as shown in Table 3.2-1. The calculated hydrogen mass fluxes for
the manifolds under consideration are tabulated in Table 3.2-2. The thermo-
couple configuration to be used in the manifold sensing is shown in Figure
3.2-1b. The recommended immersion length should be at least 0.28 in. from the
thermocouple tip to the inner manifold surface (L/D = 7.0).

Figures 3.2-2 through 3.2-11 show the thermocouple installations for the
structures, controls, and fuel system within the engine body. Radial orienta-
tion of the sensor locations, where applicable, is referenced in Figure 3.2-12.

Figure 3.2-13 shows the four basic sensors relative to the subsystem. Not
shown in the sensor breakdown are the following temperature sensors:

Fuel System

(a) Shut-off and Purge Valve Inlet
(b) Fuel Plenum

(c) Turbine Inlet

(d) Turbine Discharge

(e) Dump Valve Inlet

(f) Dump Valve Outlet

Instrumentation

(a) Reference Junction Monitor

(b) Thrust Block
(c) Instrumentation Package
(d) Pressure Transducer Monitor

Resistance Probes

(a) Flowmeter

(b) Purge valve Inlet
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(c) Pump Inlet
(d) Pump Discharge

The subsystem design allows for temperature-sensing contingencies beyond
the tabulated measurand locations for the thermocouple sensors.

The station locations as referenced, are based on the spike in full-open
posi tion.

3,2.5.3 Thermocouple System

The thermocouple system in relation to the engine is shown in the
simplified schematic of Figure 3.2-14. Since the sensing locations were covered
in a previous section of this report, reference here will be confined to the
remaining portions of the system.

Terminating the wires of a thermoelectric circuit demands that certain
precautions be observed. Reference |-3, Section 6.3.2.1.6 and Figure 6.3-7
describes the termination methods proposed where thermoelectric joining is
required. The continued effort to simplify the components resulted in the
termination configuration as shown in Figure 3.2-15, This method amounts to
a simplification in fabrication time, reduction in weight, and accessibility
for installation on contoured surfaces. The A]ZO3 may be sprayed directly to

the engine internal surface and the structure used as the termination base.

To protect the termination from possible damage a thin blanket of insulating
material is placed over the spliced terminals and then a sheet of thin stainless
steel material! spot-welded over the insulation to retain and protect the wire
from damage. The location of these terminal points were to be determined when
the wire routing was installed in the engine mock-up assembly.

During translation of the spike, the thermocouple wires are required to
flex a distance of about 5.3 in. The thermocouple wires must be adequately
supported throughout the excursion to prevent a vibration-induced failure of
the wire leads. The supporting mechanism must also produce a minimum, predict-
able degree of wire flexing. Figures 3.2-16 and 3.2-17 show a prototype model
scissors-type of transverse fabricated to study the feasibility of traversing
the distance using hard-line (swaged) materials. The advantages of using hard-
line leads of the same material as the sensor has been covered in earlier TDR,
The design shown in the photos would satisfy the traverse requirement; however,
structure-wise it was felt the mechanism could stand simplification. These
simplification efforts are given in Reference 1-8, Para 5.2.5 and in Figure
3.2-18 of this report.

The nozzle section of the engine being removable for access to the compo-
nents in the aft section of the inner body,requires the sensing circuits
between the cooled-skin of the nozzle section and the routing through the inner
body to have a disconnect capability. This has been taken care of by making
the disconnect accessible for the pressure lines and temperature leads when the
nozzle plenum cap is removed.
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Figure 3.2-16.
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Figure 3.2-17.
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The reference junction is located within the pylon area just forward of
the thrust block. The present requirements indicate the need of three junction
modules; each module capable of handling 45 circuits of a specific thermocouple
material at a set reference level. The unequal distribution of the thermo-
couple types requires that three sections be used even though the total quantity
of circuits is less than the capability of two reference modules. Design
details for the reference-junction modular concept were presented in Reference
| -8, Para 5.2.6.

The compensating-type reference junction requires bridge supply voltages
which are well regulated. The power supply for the reference modules are
placed in the test aircraft instrument bay. Control-sensing lines from the
reference junction to the power supply are necessary to apply bridge-voltage
regulation at the compensating network. The required power supply voltage and
regulation is 5 volts £0.05 percent.

3.2.5.4 Static Error Analyses (Refer to Table 3.2-3)

The analysis of the subsystem errors associated with the two thermocouple
materials to be used in the system are reviewed in this section. The manu-
facturing tolerance placed on the limits of error assigned to the respective
thermocouple material is quoted by the supplier as being a guaranteed limit of
error. The errors associated with the PCM system are 3c. The following
definitions apply to the treatment included.

Guaranteed maximum error No error will be greater than the
guaranteed maximum error

3¢ error The probability is that 99.7 percent
of all errors will lie between the
limits 130

Standard error flo

Probable error $£0.6750. The probability is that
50 percent of all errors will lie

between the limits +0.675c

The random errors are summed by the root-sum-square method. Like-errors
associated with similar system components are summed by a root-mean-square
method.

The temperature errors associated with the system are maximum in the
cryogenic areas where the thermal EMF output is at a minimum, and the reflected
errors of the reference junction and associated subsystem components are maxi-
mum. Characteristics of the Chromel/Constantan at cryogenic temperatures are
based on past experience and application.

The errors due to inhomogeneity of the thermocouple material when placed
in zones of steep temperature gradients are weighted inputs based on past
experience with thermocouple materials and the projected application of the
thermoelectric material in the flightweight engine.
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The reference-junction compensation contributes a major error to the
total subsystem accuracy due to (I) the compensating error assigned to the
compensating network which is related to the ambient excursion of the network
and its ability to track the thermocouple curve, and (2) the inability to
maintain a completely isothermal condition in the reference-junction body
during the rapid thermal transient conditions. The design goal is to keep
the gradient within 3°F during this transient period.

Item (1) noted above may be reduced by temperature monitoring of the
reference-junction body. The anticipated temperature excursion of the reference
junction is -65%°F to +300°F and the compensation error is I-1/2 percent of the
ambient excursion. By monitoring the temperature of the body, this systematic
error can be reduced to |-1/2 percent of +20°F, the uncertainty in measurement
of junction block temperature. Thus the compensation error can be reduced to
+0.3°F which is considered to be reasonable.

Both of the errors associated with the reference junction can be treated
as time-dependent systematic errors and will require a further investigation
as to the dynamic response to the location environment.

3.3 HYDROGEN MASS-FLOW RATE MEASUREMENTS

3.3.1 Problem Statement

Hydrogen is to be used in the flightweight engine as both coolant and
fuel. Flow rates of hydrogen must be measured at various points in the piping
system for at least three reasons; (1) the amount of hydrogen burned must be
measured as carefully as possible and compared with the measured thrust in
order to compute internal specific impulse, an important measure of engine per-
formance, (2) the flow rate of hydrogen must be measured in real time with
sufficient precision to enable the control system to maintain a given air-to-
hydrogen ratio in the combustion regions, and (3) the amount of hydrogen dumped
wi thout burning to achieve temperature control should be measured, to assess
the overall efficiency of the engine.

3.3.2 Topical Background

The layout of the hydrogen piping system imposes several constraints on
the methods which can be used for measuring hydrogen flow rates. The only
point at which it is feasible to measure total hydrogen flow is in the inlet
line to the turbopump, where the hydrogen is at a temperature of about 50°R.
Feasible methods of measuring the hydrogen flow to the burners are limited by
the rather high temperature of the gas as it leaves the fuel plenum (up to
1600°R), by the multiplicity of parallel pipes between the fuel control valves
and the injector manifolds, and by the requirement of avoiding any additional
unnecessary pressure drops in these pipes. Similar problems exist for other
flow measurement in the piping system. In essence, the usual piping require-
ments for making accurate flow measurements, such as providing flow straighten-
ing sections for the meters, were not included in the design criteria for the
hydrogen flow system.
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The thermodynamic properties of the hydrogen are not perfectly defined.
Normal gaseous hydrogen at elevated temperatures is a mixture of ortho- and
para-hydregen in the ratio 3:1. The stable form of liquid hydrogen is almost
pure para-hydrogen. It is not known how rapidly para-hydrogen gas, which
results from heating and expanding liquid hydrogen, reverts to the normal
ortho-para mixture. It is also not known how the reaction of para to normal
hydrogen, if it were occurring at an appreciable rate, would affect the read-
ing of a flowmeter.

5.3.3 Qverall Approach

Flow rates are to be measured at the inlet to the turbopump, at the out-
lets of the three fuel control valves, at the outlet of the dump valve, and
through the turbine. The mass-flow rate of hydrogen to the burners can then
be determined both by direct measurement and by a difference method. The mass-
flow rate of hydrogen used for cooling only is measured directly by summing
the dump and turbine flow rates.

Total hydrogen volumetric flow through the pump is to be measured by a
turbine flowmeter. Volumetric flow is converted to mass flow by using the
density of hydrogen, determined from the measured temperature and pressure of
hydrogen at the pump inlet.

The hydrogen dump flow is to be measured by using either a choked-orifice
or a velocity-head meter in series with the dump valve. The temperature of the
gas precludes the use of most other types.

The flow rate through the turbine is to be measured by calibrating the
turbine as a choked-orifice.

A small fraction of the total hydrogen flow into the turbopump leaks
through the bearing and does not go through the engine. This bypass flow is
very small--less than the usual errors of measurement--and is not measured.

The signals corresponding to the total flow QT’ the dump flow @ and the

D 2
|
turbine flow QD are applied to the data telemetry and recording system. The
2
flow rates are computed after the test run, as functions of time. From these
data, the flow rate to the burners, Qf, is computed. At steady-state conditions,

the following equation holds:

Qf:QT'QDI’QDZ

In the data analysis following the test, the fuel-flow rate to the burners is
computed according to the preceding equation.

The mass-flow rate to the burners can also be determined by direct measure-
ments of flow in each of the three sets of lines connecting the fuel control
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valves with the injector manifolds. Three techniques have been considered
for this measurement during the course of the program. They are as follows:

(a) Measure pressure and temperature of the gas in the injector mani-
folds; assume that the injectors behave as simple choked-orifices
with constant-discharge coefficients, and compute mass flow from
the choked-orifice equation.

(b) Infer flow rate from the positions of the valve-poppet stems, the
temperature and pressure of gas in the fuel plenum, and the pressure
drop across each valve.

(c) Place flowmeters immediately downstream from fuel control valves,
wi th such flow straightening devices as can be accommodated in the
available space.

It has been decided that the direct measurement of fuel flow to the
burners would be used to generate control signals and not data-monitoring
signals. Hence, precision or repeatability in this measurement is more
important than absolute accuracy. That is, it is more important to be able
to establish, maintain, and repeat a given flow rate than to have accurate
knowledge of what the flow rate is. The absolute flow rate can be determined
after the test during the data analysis from the reccorded information about
Q. QD|; and QDZ'

3.3.4 Summary of Progress

Although no hardware was built or tested during the program, several
design problems were analyzed and resolved, and a description of the flow
measuring system was realized. This work has been reported in detail in
several AiResearch reports (see References 1-3, 1-4, 1-5, I-7, and |-8) and
is merely summarized here.

Early in the program it was determined that enough flow measurements
would have to be made to account for all the hydrogen used. Hydrogen is used
as fuel, as coolant, and as a power source to drive the turbine. There are
four different hydrogen mass-flow rates to be measured; namely Qf, Q-, QD s

I
and QD (see Section 3.3.3, above, for definitions of these symbols). It was
2
determined that these four flow rates would be measured by the techniques
summarized below.

Qf, the mass-flow rate of hydrogen to the burners, was to be determined

by measuring the pressures and temperatures of the hydrogen in the injector
mani folds. We assumed that the burners would behave as choked-orifices. Mass-
flow rate of hydrogen to a given set of burners would be calculated from the
equation for the choked-orifice, which has the following form:

-1/2
o = (A1) |
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In the equation, the subscript i refers to the ith set of burners, A is an
empirically determined constant (it is proportional to the effective total-
area of the burners), and P and T respectively, are the absolute pressure
and absolute temperature of the hydrogen in the injector manifold. This
technique is discussed and analyzed in Reference 1-3.

QT’ the total mass-flow rate of hydrogen to the engine, was to be measured
by means of a turbine flowmeter in the inlet line. At this point, the hydrogen
is a cryogenic ligquid. A turbine flowmeter was selected because it is the most
accurate method of measuring volumetric flow rate and because the environment
permits its use (see Reference 3-1). A turbine flowmeter cannot be used for
measuring the flow rate of the hydrogen gas after it has been heated by passing
through the heat exchangers for cooling the engine, for example, because the
temperature is too high.

Q. , the dump flow, and QD , the flow through the turbine, cannot be
I 2
measured by turbine flowmeters, because of the reason just mentioned. It was
decided that these two flow rates would be measured by choked-orifice-type
meters. In the case of the dump flow QD , a sonic nozzle would be installed

|
in the discharge line from the dump valve. In the case of the turbine flow,
it was decided that the turbine itself would serve as a choked orifice.

D

This system of measuring Q_, QT’ Q. , and Q has the advantage that one
f D' 02
of the measurements is redundant; hence, Qf can be determined in two independent

ways. First, QF is measured directly. Second, Qf is determined by difference

by means of the following equation:

QF:Q’F-QDI-QDZ

This method of difference is discussed and analyzed in References |=~7 and 3-1I.

Recently, the problem of measuring Q]c was reviewed critically. It has

decided that the discharge coefficients of the burner orifices would not be
constant or even predictable because of the supersonic cross-flow of air past
the orifices. This problem is mentioned in Reference |-3 and discussed in
Reference I-8. As a consequence, another method was chosen for measuring Qf,

namely, to place flowmeters in series with the through fuel flow control valves.
Several types of flowmeters were considered and a short Venturi meter was
selected for this application. An analysis of the problem is presented in
Reference 1-8.

There has been no previous published documentation of the reasons for
selecting the sonic nozzle for measuring QD . Therefore, it is worthwhile to
|
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review the alternatives that have been considered and show why the sonic
nozzle is believed to be the best compromise.

The various types of flowmeter that might be used for measuring the
dump flow are as follows:

(1) Turbine flowmeter
(2) Hot-wire anemometer
(3) Heat flow type of flowmeter
(4) Venturi meter
(5) Drag-body flowmeter
(6) Other velocity head types, such as the elbow
(7) True-mass flowmeter
(8) Choked-orifice
The objections to some of the various types fell into the following categories:

(a) The meter has a bearing, rotating seal, or other component affected
by temperature, and will not operate at the high temperature of the
exhaust hydrogen (1600°R).

(b) The meter contains delicate parts and has not been developed as a
piece of commercially available, reliable flight hardware.

(c) The meter has a long time constant.
These objections rule out types (1), (2), (3), (5), and (7).

The Venturi and elbow-type meter operate with a very small line-pressure
drop. In some applications this is an advantage. 1In the present application,
the gas is exhausted at a high pressure to near-vacuum conditions. A Venturi
or other velocity-head meter would have to be placed upstream from the dump
valve in order to operate properly. A velocity-head meter has the disadvantage
that three measurements are required to determine mass-flow rate of a gas:
inlet pressure, inlet temperature, and a pressure difference (or throat pressure).
In addition, the inlet pressure and temperature in the proposed application are
relatively constant, and most of the effect of a change in flow rate would
appear as a change in the pressure difference. This pressure difference is
approximately proportional to the square of the flow rate, a circumstance that
limits the measurement range of a velocity-head meter.

The sonic nozzle flowmeter, by contrast, requires only two measured
quantities, namely, a pressure and a temperature. In addition, if the tempera-
ture is constant, the measured pressure is a linear function of mass-flow rate.
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For these reasons, the sonic (choked) nozzle was selected as the best method

of measuring the dump flow, QD .
I

A minor disadvantage of the sonic nozzle is that it imposes a substantial
back pressure on the dump valve. The effect of the sonic nozzle on the valve
has not yet been assessed. This is not a serious objection to the sonic nozzle,
since the valve can be designed to operate in conjunction with the nozzle.
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APPENDIX A

CHANGE OF DESIGN REQUIREMENTS--THRUST/DRAG SYSTEM

INDICATED THRUST (AND DRAG)

Initial

The initial requirements were based on Reference I-I

Maximum internal thrust at Mach 4 and 4053 1b
59,000 ft
Maximum external drag at Mach 4 and 318 1b
59,000 ft
Maximum longitudinal acceleration -l g
Angle of pitch -2 deg
Estimated weight of engine 630 1b
Balance of forces yields Tind (indicated thrust)
Design requirements were
Thrust 4500 1b
Drag 500 1b

Present

The present requi rements are based on Reference I-6, Appendix A

Maximum internal thrust at Mach 5 5950 1b
Maximum external drag at Mach 5 699 1b
Maximum longitudinal acceleration -2 g
Angle of pitch (angle-of-attack) 8.8 deg
Estimated weight of engine 780 1b
Balance of forces yields Tind 6690 1b
Design requirement taken as 7000 1b
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Maximum negative thrust (drag direction) is computed from Reference |-6,

Appendix A
External drag (Mach 8.0) 1807 1b
Longi tudinal acceleration 4.5 g
Angle of pitch (angle-of-attack) (0.4 deg
Internal thrust 0
Balance of forces yields Tind -5458 1b
Design requirement taken as 5500 1b
FORCE BLOCK MAXIMUM OVERLOAD
Initial
From Reference |-|
Maximum airplane angle-of-attack 30 deg (taken as angle

of pitch)

*Maximum longitudinal inertia force loading +4.5 g

#Maximum normal inertia force loading +6.8 g
Maximum internal thrust 4053 1b
Taking the worst case, and a factor of 10,340 1b

safety of 1.5, loading is
Design requirement was taken as 10,000 1b
Present

It was considered that the maximum fatigue stress condition imposed on the
block during the ground vibration test would be a sound criterion for design.
Assuming a magnification at resonance of approximately 7 with an input sinusoid
of 3 g peak load is approximately 15,000 1b. Using the computation in the
preceeding paragraph with the revised thrust maximum, and combining this with
anticipated flight vibration, the design figure of 15,000 1b would cover with
a factor of safety included.

Thus, design requirement was taken at 15,000 1b.

*Do not occur simultaneously
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Acceleration

More detailed information on mission parameters, as given in Reference |-6,
Appendix A, has led to revision of the acceleration figure.

Frequency Response

Initially, the frequency response characteristic of 0 to 100 Hz was based
on the need to establish the performance well above the |5 to |7 Hz band to be
avoided by mechanical resonance (Reference NASA Statement of Work L-4947-B,
Para 4.6.2.1). Reconsideration in the light of the quasi-steady state nature
of the measurements to be made during the engine-lit condition and the com-
paratively high natural frequency implied by the block design (approx. [50 Hz)
has led to revision of the frequency response requirement for the measurement
system to become 0 to 10 Hz.

Temperature

Heat transfer analyses of typical mission conditions using the proposed
fiight-type hardware configuration indicate that thrust block temperatures will
be well below the initial temperature upper limit of 500°F. Analyses of pro-
posed ground tests show that, in certain conditions, the block would attain
temperatures to 600°F,

Measurement Accuracy

Based on the initial design figures and assuming a maximum permissible
error in the derivation of internal thrust of 2.5 percent, individual measure-
ment errors were accounted for on a weighted summation approach to give an
allowance of *1.75 percent full scale error allowable in the indicated thrust
measurement (Reference |-1, page 302).

Updated design figures and adoption of the root-mean-square method of
error analysis have led to a revised internal thrust allowable error of *2.70
percent full-scale with a requirement of a maximum of %I.1 percent full scale
error in the indicated thrust (Reference 1-7, Para 2.4.2.2).
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PART II

TECHNICAL DATA REPORT ON REMAINING
EFFORT NOT PREVIOUSLY COVERED

.0 THRUST/DRAG MEASUREMENT SYSTEM

l.1 INTRODUCTION

The development test program was scheduled to commence with a structural
test on a first deflection block, to prove design and to determine stress
concentrations using Stress-coat techniques. This was to be followed by the
installation and evaluation of straingages as a method of force-determination
in the thrust axis and in the vertical reaction force axis. A second model
was to be assembled which would include a differential capacitor transducer
for evaluation under combined loading.

This report covers the testing performed on the first deflection block
to the time of termination of the thrust system effort.

I.2 TEST PLAN

The overall test plan is shown in Appendix A. Deviations from the test
plan, governed by available time and equipment, are noted at the end of
Appendix A.
}.3 TEST EQUIPMENT AND METHOD

I.3.1 Stress-coat Tests

These tests were performed using Stress-coat ST-75, Magnaflux Corporation
(for use at a nominal temperature of 75°F), with loading to 10,000 1b in the
thrust axis direction, with the deflection block installed in the test fixture
94-7B-3419 (see Figure |.4-6, Part I). Calibration-Stress-coated bars were
used during the tests, referenced against temperature. Testing was at nominal
room temperature. Photographs were taken of the stress patterns at the con-
clusion of testing. (Reference Figures I.3-1 through 1.3-4.)

1.3.2 Straingage Tests

The block was instrumented with a full-bending bridge with two active
gages in each leg as shown in Figures 1.3-5 and |.3-6 and for calibration
against Py loading. A Poisson's bridge was installed on the outer faces of
the outer flexures as shown in Figures 1.3-7 and 1.3-8

68-39
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Figure |.3-2.
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Figure |.3-4.
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DEFLECTION BLOCK THRUST BRIDGE

€, = STRAIN
v APPLIED VOLTAGE
AES OUTPUT VOLTAGE
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Figure 1.3-6. Thrust Bridge Schematic
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Gage characteristics were as follows:

Bridge Gage Type Gage Factor Gage Resistance
Thrust MA=13-062AA- 120 2.07 +0.5% 120 o 20.15 %
Poisson's MA-13-125T6~350 2.11 +0,5% 350 o 0.5 %

Bonding was BR-600 cured for | hr at 250°F

A photograph of the overall instrumented block is shown in Figure 1.4-1,
Part I. Part views are shown in Figures |.3=9 and 1.3-10 of this part of
the report (Part II).

Thrust loading was applied using the test fixture 94-7B-3419 with a
Schaevitz load cell, type JP-10,000 SN 13595 used as a load reference. This
load cell had been calibrated to an accuracy of 0.1l percent full-scale. Bridge
voltage was 5.00 vdc. Bridge output was read on an integrating digital voltmeter.
le4 TEST RESULTS

For full test data refer to Appendix C.

l.4.1 Stress-coat Tests

Photographs of the stress patterns at the conclusion of the application of
loads in the thrust direction up to 10,000 1b, are shown in Figures 1.3~ through
I.3=4,

Stress cracks began to appear between loads of 2000 and 4000 1b with a
calibration strain of 369 microinches/in.

Sufficient pattern was established at 10,000-1b loading to indicate the
neutral axis and stress distribution.

Upon removing the deflection block from the test fixture, indication that
there had been movement of the fixture block retaining plate relative to the

frame (see Para 1.4.2 of this section) was noted.

l.4.2 Straingage Tests

Loads were applied in increments of 1000 1b up to 10,000 1b in increasing
and decreasing directions. Outputs of both bridges were recorded. During
calibration, the deflection block moved in the fixture, the locating pins on

the fixture sheared, and the block-base rotated slightly, relative to the
applied thrust axis.
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Figure 1.3-10. Poisson's Bridge Installation
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l.4.2.1 Thrust Bridge

Figure 1.4-1 shows the output-versus-applied-load characteristics giving
a nominal output of I5uv71b. Figure 1.4-2 shows the percentage deviation
relative to full-scale at each increment with reference to the nominal output
of I5uv/1b. Figure 1.4~3 shows a similar plot with reference to an output
sensitivity of 15.044pv/1b, to give equal positive and negative deviation.

l.4.2.2 Poisson's Bridge

No calibration of the Poisson's bridge was made with Py (vertical) loading.
Output from the bridge with thrust load applied was recorded and the following
analysis is presented to show the correlation of this output with the expected
full-scale output under Pz loading.

Flexure

Fn

Let cross-sectional area of flexure in thrust direction be A sq in., let
modulus of elasticity for the material be E 1b/sq in. Then

FN

in f o —
Stress in flexure A
F

Compressive strain = N

P 4AE

From dimensions of deflection block A(nominal) = 4 x 0.217 = 0.868 sq in.

Expected maximum value of Fy (Reference 1.7, Part I, Para 2.4.5.1.1) = 5000 lb.
and for 17-4PH

E =29 x 10% 1b/sq in.

. . . 5000 -6
. expected maximum strain = % x 0.868 x 20 * 10
(em)
¢ = 50 microinches per inch
m
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— With reference to Figure |.3-8 and Appendix B, the output from the bridge
is given by

AEO = Ve (GF)

i

where AEO bridge output

bridge applied voltage

e = strain
GF = gage factor
Then
AE
€ = —ra
V(GF)
Substituting
vV = 5.00
(Reference Para 1.3.2)
GF = 2.11
AE
— )
¢ T 70.55
Let
R = percentage output strain relative to full-scale
Then
R ==+ 100
€
m
Hence
AE
|
R O 00 %

10.55 50 x 10-0

for AE, in millivolts, this becomes

R = 190 AE, %

Figure I.4-4 shows R plotted incrementally against the applied load (PX), For
ideal conditions, R should be zero.
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1«5 COMMENTS AND CONCLUSIONS

1.5.1 Stress-coat Tests

Loading produced the anticipated stress patterns, although some nonlinearity
in the stress distribution was apparent across the block (see Figure 1.3-4
which is a view looking at the front end of the block as it would be installed
in the engine assembly).

Based on test data obtained, probable stress at the root can be determined
as follows.

From Reference 1-7 (Part I) Para 2.4.1.2, design stress under 14,000 1b
thrust is 72,500 1b/sq in.

With reference to Paragraph l.4.1 of this appendix, and taking the load
at which the stress cracks first appear as 2500 1b, with a linear relationship
to 14,000 1b. Indicated stress at 14,000 1b loading would be

oL 14,000 o o

2500
where ¢ = indicated strain

E

H

modulus of elasticity for 17-4PH in 1b/sq in.

Substituting

E =29 x 105

e = 369 microinch/in. (calibration data)
then

fi = 202000 o9 « 106 x 369 x 1076

2500
fi = 60,000 1b/sq in.
This value compares favorably with the design value of 72,500 psi in view of
variables that must be considered, such as temperature effect of Stress-coat,

etc.

l.5.2 Straingaqe Tests

[.5.2.1 Thrust Bridge

The straingage bridge output indicated a linear output with respect to
the applied load to within better than #1/2 percent in spite of difficulty
encountered during testing (see Para 1.4.2). The straingage installation
appears satisfactory for room temperature conditions, and further testing will
be required for other ambients. Output sensitivity (i15 mv full scale) and
resolution (| part in 1500) are satisfactory for the application.

68-3953
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The effect of temperature, and temperature gradients within the block,
their effect on the straingage-bridge output and methods of compensation, are
not discussed in this report.

1.5.2.2 Poisson's Bridge

The output of the Poisson's bridge under thrust load only (Reference
Figure I.4-1) can be approximately |7 percent of the anticipated full-scale
output under vertical load (Pz). While this appears high, the importance of
the measurement of this vertical force is governed by its part in the overall
indicated thrust equation. Reference to the Fourth TDR (Reference |-7) suggests
that the forces appearing in the equation derived from the vertical reaction
force, namely, resolved vertical force due to block deflection, transferred
moment, and misal ignment, could total approximately 40 lb. An error of
20 percent in the determination of vertical force would be reflected as an
8-1b error in the indicated thrust. On a direct basis, this represents an
error only of 8/7000 x 100 = O.114 percent. On a root-square-error analysis
this would be less.

Thus, the Poisson bridge can be used to estimate the vertical reaction
force.
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APPENDIX A

TEST PROCEDURE
HRE 4600 STRUCTURAL TESTS FOR DEFLECTION BLOCK
PART NUMBER 981041
(CATEGORY I SERIES TESTS)

.0 SCOPE

This series of tests is intended to provide information to support the
following evaluations.

I.1 Determination of room temperature spring constant of the deflection block.

.2 Determination of locations of stress concentrations and their relative
magnitudes.

.3 Verification of results of preliminary stress analysis.

l.4 Preliminary determination of performance of deflection block under
application of design loads.

.5 Preliminary evaluation of suitability of straingages as primary sensors
of thrust axis loads applied to the deflection block.

2.0 EQUIPMENT TO BE USED

2.1 Stress-coat ST-75, Magnaflux Corporation or equivalent.
2.2 Thrust-block test fixture, AiResearch tool No. 94-7B-3419.

2.3 Dial gage, 0.010 in. unidirectional range, 0.000)-in. resolution or
equivalent; and clamping accessories. Installation per Figure A-I.

2.4 Load cell, JP-10X, O to 10,000 b range or equivalent. Schaevitz
Engineering Company.

2.5 Integrating digital voltmeter, Dymec PN 240!B or equivalent.

2.6 Universal bridge box, AiResearch PN 4i5-136 or equivalent.

2.7 Switch and balance unit SB-I, Budd Company, or equivalent.

2.8 Hydraulic pressure sources.

2.8.1 Enerpac Model PM 24! electric pump. O to 10,000 psi or equivalent.

2.8.2 Enerpac Model P80 with 4-way valve, or equivalent.
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2.9 Straingages.

2.9.1 MA-09-060CC-350, Micro Measurements Company.

2.9.2 MA-09-062TT-120, Micro Measurements Company

2.9.3 BR-600 adhesive, W.T. Bean, Incorporated.

2.10 Pressure gage O to 10,000 psi, *1/4 percent accuracy, (PZ).
3.0 PROCEDURE

3.1 STRESS-COAT TESTS

Apply Stress-coat to the flexure and fillet areas of the deflection block.
Mount the deflection block in the test fixture and apply such loads in the X-axis
as are required to determine locations and relative magnitudes of stress con-
centrations. Record appropriate data on the data sheet. Do not apply X-axis
loads in excess of 15,000 1b. This load results in fillet stresses of approxi-
mately 78,000 psi.

3.2 STRAINGAGES

The Stress Laboratory will communicate the results of the Stress-coat
testing to the instrument project engineer. At that time, the exact location
of the straingages will be decided. Apply the gages and record the locations.
(See Figure A-2 for simple arrangement.)

3.3 CALIBRATION TESTING

3.3.1 Perform tests in order shown on the schedule of tests. On increasing
inputs, approach loads from increasing direction only, and conversely. This
requirement is to obtain data to evolve hysteresis characteristics.

3.3.2 Manual application of negative X-axis loading may be necessary to over-
come internal friction of the load cylinders to achieve zero-loading from a
decreasing direction.

3.3.3 Estimate deflection to |/2 division or 0.00005 in.

3.3.4 P, force to be applied with the load-cylinder rod-end located in the
center threaded hole.

3.3.5 Apply loads as shown on the test schedule, at room temperature. Record
pressures, deflections, load-cell voltages, and straingage voltages.

3.3.6 At test No. 5, determine the mathematical relation between applied
pressure and load-cylinder output. Use this pressure-load relationship for
application of the Z-axis loads.

68-3953
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Figure A-2. Suggested Straingage Installation
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4,0 SCHEDULE OF TESTS

Test Py, 1b P,, psi  Eg, volts E,, volts E,, volts
No. (X-Axis) (z-Axis) (Load Cell) AX, in. (sS/G) (S/G)
! 0 0

2 2000

3 4000

4 6000

5 10000

6 12000

7 14000

8 15000

9 2000

[0 6000

I 4000

12 2000

13 0

| 4 6000
15 12000
16 15000
17 | 8000
|18 12000
19 6000
20 0

21 0 2000
22 2000

23 4000

24 6000

25 2000

26 0

27 0 4000
28 2000

29 4000

30 6000

31 2000

32 0

@ 68-3953
AIRESEARCH MANUFACTURIN [
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TABLE A-|

DEVIATION FROM TEST PLAN

Para
Ref Deviation Reason
.1 Deferred Dial gage with sufficient

resolution not available
(see Para 2.3)

l.4 Deferred Dial gage with sufficient
resolution not available
(see Para 2.3)

2.3 Not available at time of testing On order
2.9 More suitable gages used (see Advice of stress department
Para [.3.2, Part II, of this report)
3.3.3 Deferred No dial gage
3.3.4 Deferred Test not concluded due to
termination order
3.3.6 Deferred Test not concluded due to
termination order
4,0 (a) Loading schedule increments Better definition. 10000 1b
changed to 1000 1b up to limit sufficient to estab-
10000 total load. lTish stress patterns.
{(b) No Pz loads applied Test not concluded due to
termination order
Fig Not applicable No dial gage
A-1
Fig Two active gages used in thrust Better averaging
A-2 bridge (see Figure 1.3-6, Part II,

of this report.)

‘ AIRESEARCH MANUFACTURING DIVISION 68-3953
Los Angeles, Califorma Pa ge I I-A 7




APPENDIX B

FULL STRAINGAGE
BENDING-BRIDGE ANALYSIS

AIRESEARCH MANUFACTURING DIVISION

Los Angeles. California

68-3953
Page II-BlI



form 2427

APPENIDIX B
AIRESEARCH MFG. CO.

paTe_3-24-68 CALC.NO
PREPARED BY__ 3-S5 PRATT MODEL
CHECKED BY PART NO

AAFrenory B

FULL STRAINGAGE BENDING —BRIDGE ANWLKIS

Consider the deflection block barust bridge of f'x\'gure 1.3-2 , reproduced below

—O
4
\'4 APPLIED
3
(5‘ :{L
AE.
QUTHUT
Weth ro/‘ermce to ftéura Whielh shows the PDSLH,OM oF the aages
Ri and R. are o opposite flexures ab opposite ends and arein teusion (+)
RS " RL » [ » » " ~ ” o “w u u R
R] aud R“ ”" n » h " " " " e COMPr&OLV}
R‘l akd Rﬁ " Iz " » i ” n t " " n

Lek. AR, ,BR, etc be bhe change o,f Aesistauce oj R,, R, etc uuder the
applucation of a load P fo the Ethnst block to produce a stmi &

Let the appl(éd brfdjc Uo“’&ge be V

ler the Chaug: a{au}pul: frbm the null foslﬁém Je AEo
Llet R, =R = Ry = Rg = Rs =R¢- Ry =Ry =R.
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Form 2427

AIRESEARCH MFG. Co.

DATE CALC.NO
PREPARED BY MODEL
CHECKED BY. PART NO

Then the VOIfaﬁe aewss AB s

Vas = (R4 AR) + (R+44R) v
(R-} AR;) #LK ‘PAR1) 4 (R"Ak,) + (R"'AR")

Yap = 2R+ (AR, 1 AR) .V
AR + (AR,10R,) - (ARs+ BR,)

Similarty Vap - 28 — (AR + ARs) Y
4R + \DRs +8Rc) - (BR,+ Le)

Taus the oubput voltage AEo wluch is gren by Vag —Vao | is

BB = /- 2R+ (AR 18K) — 28— (AR7 4 ARs) V
4R + (BR, 404} -(4K; 1ARy) 4R + (8Rs 14R) - (AR, 4 ARy

6/058 Opprawma/wn Corn be expressed s C

: BR' 4 1R(BRs +ARL) ~2R(8R718Ra)¢ 4R (4R, +0R,) —BRT-2R(A0,15R5)
v + 2R(ARy + AR,) 3 4R(OR7 +48s)

[6R® ¢ 4R (ARs + AR)-4. (AR7+BRs)+ 4R (DR +8R.) - 4R( Ots + BR,)

AEo = 2R [AR 4 4R, + 08y + ARy + BRs ¢ 8R4 +0R7+ B8R ]

\

168" + 4R [ ( AR+ 82+ 885 +0R) — (883188, 0% vdR))

Ako . S AR

v B8R+ 2( S ARr- 342,

where  Z 8R 15 tie ancbmuc Sum of the aesislauces dnauge
ZBRr 5 He v w teusile resiblauce chauges
ZAR . - . ” « . Comp.
68-3953
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Form 2427

AIRESEARCH MFG. Co.

DATE CALC. NO
PREPARED BY MODEL
CHECKED BY PART NO

Now the kerm 2( S Ak =3 AR :'s:aZma.U tempaced to BR /o(
o balawed installalion and Mmay be ignoed

s A, = Z4R

A4 R
fwmduai«f the gage /mfe/ GF  whore  GF- (A R/R‘ - S(’rmiﬂ)
Hrew thu st € s guren by

e -  Ata. |
v GF

where € ;represeuk e avemce st ab the eght Tocatiows

Now. linreankies in lthe _»fdaﬁonshp belweerr the averge sheu awd the
6!\&9: outpur voltage Ll be dntroduced by the second avde; Aerms and Any

the Ttem (S 4R, -5 BR)
Balaueed Jages and balanced wshallation will minimize fae W-I:hcar}ﬁj
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Mount/hj 'f[gﬂie

RaMT

DIRECTION ©OF APPLIED THRUST o7 7oM

Figure C-I. Thrust Deflection Block - Identification for
Stress-coat Tests
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The ablached test sheets cover the staungage alibmlion performed
- oin the dszuﬁovu Aok zfo(a(ow\'nj the stress caat fests
The Poision's bridge was not Aested wnder the applicalion of verlieak Toading (F2)
although Hhe Lﬂdm.u.hx Aans wsed to Prmn}u(e the thraust Jooot (Px) was
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